Mechanisms of interactions between nanoparticles (NPs) and polymer brushes (PBs) are explored using dissipative particle dynamics simulations and an original "ghost tweezers" method that emulates lab experiments performed with optical or magnetic tweezers. The ghost tweezers method is employed to calculate the free energy of adhesion. Ghost tweezers represents a virtual harmonic potential, which tethers NP with a spring to a given anchor point. The average spring force represents the effective force of NP-PB interaction as a function of the NP coordinate. The free energy landscape of NP-PB interactions is calculated as the mechanical work needed to transfer NP from the solvent bulk to a particular distance from the substrate surface. With this technique, we explore the adhesion of bare and ligand-functionalized spherical NPs to polyisoprene natural rubber brush in acetone-benzene binary solvent. We examine two basic mechanisms of NP-PB interactions, NP adhesion at PB exterior and NP immersion into PB, which are governed by interplay between entropic repulsive forces and enthalpic attractive forces caused by polymer adsorption at the NP surface and ligand adsorption at the substrate. The relative free energies of the equilibrium adhesion states and the potential barriers separating these states are calculated at varying grafting density, NP size, and solvent composition. C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Interactions between nanoparticles (NPs) and polymer brushes (PBs) formed by macromolecules grafted to solid surfaces are of great technological and biomedical significance. PBs are ubiquitous in nature; for example, they provide lubrication of joints 1 and form periciliary layers that separate mucus layer from airway epithelia in lungs. 2 NPs in such biosystems are of natural (globular proteins and lipoproteins) or man-made origin (e.g., nanosized drug delivery carriers and other therapeutic nanoparticles). PBs also find a broad range of practical applications in various particle and nanoparticle technologies, including stabilization of nanocolloids and nanocomposites, nanoparticle-based sensors, and nanoparticle separations. 3, 4 Fabrication of nanocomposites motivated the majority of theoretical and experimental studies of NP-PB systems (e.g., Refs. 5-12). Significant attention was paid to NP self-assembly on PB-solvent interfaces. [13] [14] [15] [16] Specifics of NP-PB adhesion were explored by a number of different computational approaches, in particular with self-consistent field theory (SCFT), 17 ,18 molecular dynamics (MD), 19, 20 Brownian dynamics (BD), 21 and Monte Carlo (MC) simulations. [22] [23] [24] Of our particular interest are theoretical and computational studies of the free energy of NP-PB interactions, which is determined by interplay of enthalpic attraction due to polymer adsorption at NP surface and entropic repulsion due to restrictions on conformations of the polymer chains a) Author to whom correspondence should be addressed. Electronic mail:
aneimark@rutgers.edu imposed by the presence of NP. Both enthalpic and entropic contributions depend on the polymer chain length, PB grafting density, and NP size. In this paper, we focus on the role of solvent interactions with both PB and NP, which is pretty complex, as PB responds to the changes of chemical and physical environment. In a thermodynamically good solvent, polymer is solvated, grafted chains are stretched, and the brush swells, forming a layer of polymer solution at the substrate, which is called an "expanded" state. In a thermodynamically poor solvent, PB contracts into a dense melt-like layer on the substrate, which is called "collapsed" state. Halperin et al. 18 analyzed by SCFT the effect of solvent quality on NP-PB adhesion based on the disjoining pressure. The authors concluded that the reduction of the solvent quality, which leads to eventual collapse of PB, reduces the associated free energy barrier and favors NP penetration and absorption within PB. Milchev et al. 25 noted that the free energy of NP immersion rises steeply as NP penetrates deeper into expanded PB, which emphasizes a difference between NP-polymer interactions in brushes and dilute solutions. 26 , 27 Merlitz et al. in their MD study 20 observed that chain polydispersity reduces the free energy of NP immersion into the brush. Zhang et al. considered the effect of attraction between NP and polymer using BD simulations. 21 For larger NPs, the free energy showed a minimum with respect to nanoparticle location, thus indicating a preferential depth of NP immersion into the brush. Cao et al. 28 modeled NP diffusion in a cylindrical channel grafted walls using dissipative particle dynamics (DPD) framework with Lennard-Jones quasiparticles. The authors varied the grafting density and the attraction between NPs and tethered chains and observed a transition from static NPs trapped on the chains to fast transport of NPs in the channel center.
Experimentally, the interaction force between NP and PB may be probed with AFM 29 and optical tweezers. 30 In the optical tweezers experiments, NP location is controlled by a laser beam. Displacement of NP from the beam focus indicates the effective force due to NP-PB interaction. Very recently, Steinbach et al. 30 applied the optical tweezers to study interactions between charged NPs and a solid substrate functionalized with strong and weak polyelectrolyte chains. Depending on the pH, the authors observed NP binding to or repulsion from the brush and concluded that optical tweezers is a versatile method to directly probe NP-PB interactions.
In this paper, we examine NP-PB interactions using an original simulation technique referred to as "ghost tweezers" (GT) that emulates optical tweezers experiments in silico. The method is implemented into the conventional DPD model parameterized to mimic interactions of bare and functionalized NPs with polyisoprene natural rubber (PINR) brush in acetone-benzene binary solvent. Based on the free energy of adhesion determined using the GT method, we study various mechanisms of NP adhesion to PB, depending on the solvent composition, PB grafting density, NP size, and functionalization. The rest of the paper is structured as follows. Section II is devoted to a description of the DPD method and the coarse-grained models of polymer, solvents, and NPs in the systems considered. The details of the GT method simulation set-up and the procedure of free energy calculations are described in Sec. III. In Sec. IV, we apply the GT method to explore the effect of solvent quality on NP-PB adhesion at the conditions of collapsed brush in bad solvent (pure acetone), expanded brush in good solvent (pure benzene), and semi-expanded brush (intermediate solvent composition of 1:1). The role of polymer adsorption to NP is illustrated in Sec. V. In Sec. VI, we consider ligand-functionalized NPs and show that ligand-substrate adsorption may change the mechanism of NP-PB interaction from external adhesion to full immersion. Finally, the accuracy of the GT method is analyzed and the ways of its improvement are discussed in Sec. VII. Summary of conclusions is given in Sec. VIII.
II. MODELS AND METHODS

A. DPD model
In a setup standard for DPD simulations, 31, 32 we represent the polymer as a sequence of soft beads connected by harmonic bonds F (B)
I (r i j − r e )(r i j /r i j ), where K (B) is the bond strength and r e is the equilibrium distance. The system dynamics and equilibration are monitored by solving the equations of motion for the beads, which interact through pair-wise short range conservative repulsion, bond, drag, and random forces
Random and drag forces are implemented in a standard selfconsistent manner
where θ i j (t) is a randomly fluctuating variable with Gaussian statistics. We assume the common relationship between the drag and random force parameters w
σ and γ are parameters that determine the level of energy fluctuation and dissipation; they are related as σ 2 = 2γkT to maintain constant temperature in the course of simulation via a pairwise Langevin thermostat. Short-range conservative forces F (C) i j account for non-bonded interactions; they are represented conventionally as a short-range harmonic repulsion
where R c is the effective bead diameter. The repulsion parameter a IJ depends on bead types I and J to which beads i and j belong.
B. Coarse-grained model of PB in binary solvent
As a characteristic example, we consider a model of PINR brush in acetone-benzene binary solvent. This system was introduced in our recent study of collapsed-to-expanded transformations in PBs. 33 Acetone is a bad solvent 34 and benzene is a good solvent 35 for PINR. The isoprene monomer (P), benzene (B), and acetone (A) molecules are of similar size, and each of them was represented by one DPD bead.
We use the most common formulation of the DPD method, 32 which implies the same effective bead diameter and the same intra-component repulsion parameter (in this case, R c = 0.71 nm and a II = 42 kT/R c , Ref. 33) , for all components. The intracomponent repulsion parameter was evaluated from the dependence of isothermal compressibility on a II given in supporting information to Ref. 36 . The reduced density, ρ * , of DPD beads (the average number of bead centers in 1R 3 c ) is set to ρ * = 3, and the friction coefficient γ is set to 4.5 as recommended in Ref. 32 (note that dynamic properties are not considered in this paper). The system parameters are customized to mimic the properties of PINR, benzene, and acetone. 33 Each PINR chain consists of 100 beads, which corresponds to molecular weight of 6800 Da. The parameters of harmonic bonds between polymer beads are fitted to conformations observed in atomistic MD simulations of PINR oligomers in liquid phase at ambient conditions. 33 The solid substrate (S) is formed by seven parallel layers of immobile beads at an effective density of 19.3R c −3 . Repulsion parameters of a S = 42 kT/R c are assigned to substrate interactions with all other bead types. Because of the high density of the substrate, it effectively repels all other beads and has no preference to either a polymer or solvent. The PINR chains are attached to substrate in a square lattice; we consider three grafting densities ρ s of 0.16, 0.32, and 0.88 nm −2 , which corresponds to distances of 3.5 R c , 2.5 R c , and 1. 
C. NP models
NP is formed by beads arranged into a 3D hexagonal simple lattice and bonded together by harmonic bonds ( Figure 1 and Table I ), and represents an approximately spherical fragment carved out of a hexagonal crystal. The two outer layers of NP consist of beads labeled N, which interact with PB and solvent beads according to the repulsion parameters, which are varied as described below. The inner layers of NP are formed by the "core" beads that repel all other beads in the system with a = 60 kT/R c to ensure that NPs are impenetrable. Because of high bond rigidity, NP maintains approximately spherical shape. Bond length is chosen to provide bead density of 3.4 beads/R c 3 inside the particle. We consider NP of two diameters, small of 8 R c (5.68 nm, 737 beads) and large of 16 R c (11.36 nm, 5930 beads). The N beads have no preference to either of the solvent components (Table I ); the parameters for particle-solvent interactions are equal to those for polymer-solvent. The interaction between the particle and polymer beads is varied in order to model polymer adsorption on the NP surface.
D. Interaction parameters
To investigate the specifics of NP-PB adhesion at various conditions, we consider several characteristic systems. The "base" system (system I) represents dense PINR brushes interacting with NPs, which has no preference to either of the system components. The absence of adsorption effects allows us to elucidate the effects of the solvent quality and the NP size on adhesion. To explore the effect of polymer adsorption at NP surface, we consider system II in which NP favorably interacts with polymer (compared to solvents). To investigate the possible effect of NP attraction to the solid substrate, we consider two systems (III and IV) with NP functionalized with "ligands," which interact favorably with the substrate (Figure 1 to any of the system components but are attracted to the substrate surface due to low repulsion parameter with the substrate S beads. System III is similar to system I but for the ligands. Drawing on the example of expanded brushes in good solvent (pure benzene), we consider different grafting densities from 0.16 to 0.88 nm −2 . In system IV, the effect of polymer adsorption at NP is introduced by lowering the parameters for NP-polymer interactions, similarly to system II. The systems' parameters of inter-particle interactions are given in Table I .
III. FREE ENERGY CALCULATIONS USING THE GHOST TWEEZERS METHOD
To measure the force of NP-PB interaction, we employ a GT method, schematically shown in Figure 1 . The idea is to perform in-silico experiments, which are similar to lab experiments with optical tweezers. 37 In the initial state, NP and PB are equilibrated in the solvent at given conditions. Then, NP is towed by GT along z-axis from the solvent bulk toward the substrate surface quasi-statically in incremental steps. NP position is monitored by the distance Z between NP center and the solid substrate; Z varies in simulations from the initial position Z 0 , sufficiently far from PB, where NP-PB interactions can be neglected, to the final position, where NP is in close contact with the substrate (Z ≈ R NP ). The system is equilibrated at each step, and the force, F GT , between GT and NP is measured. F GT counterbalances the force of NP-PB interaction. In the region of NP-PB repulsion, F GT is positive-NP has to be pulled by GT toward the surface to be kept at given position. In the region of NP-PB attraction, the situation is opposite-NP has to be pulled back to prevent its propagation into PB. The NP-PB interaction is characterized by the Helmholtz free energy landscape A NP (Z) defined as the mechanical work needed to bring NP from the solvent bulk to the distance Z from the solid substrate. A NP (Z) is calculated by integrating F GT ,
The GT method is implemented as follows. It would be natural to represent GT by a single harmonic potential U GT applied between the NP center R, and the GT anchor point R GT = (0,0,Z GT ):
2 . This implementation, however, requires treating the NP as a single body with non-central NP-bead potentials, 38 while we model the NP in a simpler manner as a close hexagonal packing of M beads connected by internal springs (in this work, M = 737 for 8 R c and M = 5930 for 16 R c particles). Therefore, we introduce the twin ghost NP also composed of M primary beads kept in undisturbed hexagonal order and apply harmonic spring potentials
2 between each respective pair of primary beads of real and ghost particles (i = 1,...,M) as shown in Figure 1(c) . The beads of the ghost NP are immobile and do not interact with solvent and polymer beads in the system. The total GT force acting from the immobile ghost NP on the mobile actual NP is
where
The stiffness k GT of the GT springs, which is chosen to optimize the precision of calculations, is given in Table I . The sum of inter-bead potentials imposes an effective potential between the physical and ghost NPs. We assumed the center of mass of the ghost NP as the GT anchor point R GT in the calculations of the average GT force. The calculation of free energy gain with Eq. (4) requires several separate simulations with the position of the ghost particle R GT = (0,0,Z GT ) changed in small increments from one simulation to another. The system is equilibrated for each DPD run. In the process of equilibration, NP experiences thermal fluctuations around the anchor point R GT and the GT force fluctuates, respectively. We measure the average position R of the NP center and the average GT force. Since the system is laterally symmetric, average vectors have no lateral components; R = (0,0,Z) and F GT = −K GT (Z − Z GT ), where K GT is the spring constant of the effective GT potential. Thus determined F GT represents the force of NP-PB interactions at given NP position Z averaged over thermal fluctuations. F GT equals to the gradient of the NP-PB free energy A NP (Z), F GT = ∇A NP (Z) at Z = Z, and the sought NP-PB free energy landscape A NP (Z) is calculated by integrating F GT according to Eq. (4). Other details of DPD simulations may be found in Ref. 39 , Sec. S-I.
The GT method stems from common simulation methodologies of the umbrella sampling and thermodynamic integration, where the phase space of the system is altered by an external field in order to sample particular configurations. [40] [41] [42] [43] [44] [45] [46] We introduce an artificial external potential and perform thermodynamic integration along the simulation trajectory to calculate the free energy. In particular, the procedure described above is similar to the thermodynamic integration method employed by Li et al. 46 The main difference is that we apply the force through a "ghost particle" that can be manipulated in the same manner as it is done in the experiments with optical tweezers. Therewith, the equilibrium states are not assumed in advance but are determined from the minima of the free energy landscape. Computational advantages of the GT method are discussed in Secs. VII and VIII.
IV. EFFECT OF SOLVENT QUALITY ON NP-PB ADHESION
To investigate the effect of the solvent quality on NP-PB adhesion, we simulate three typical situations: PB collapses in bad solvent (x B = 0, pure acetone), PB partially expands in 50% acetone-benzene mixture, and PB fully expands in good solvent (pure benzene). In order to focus on the influence of solvent-PB interactions on the adhesion of NP, the latter has no preference to either of the solvent components, interacting favorably with benzene, acetone, and the polymer (a NP = a NA = a NB = 43.5 kT/R c ). We consider NP diameters of 8 and 16 R c and the PB grafting density of 0.88 nm −2 . The effect of solvent quality on NP-PB adhesion is demonstrated in Figures 2 and 3 . Figure 2 (a) presents the PB density profiles; coordinate Z is reckoned from the plane drawn through the centers of the outer layer of beads that compose the PB substrate. In pure acetone (x B = 0), PB is collapsed into a uniform dense layer (Figure 2(a) ). The concentration of solvent in PB is minimal, which means that PB state is similar to that of polymer melt. There is a well-defined interface between collapsed PB and bulk solvent. The thickness of collapsed PB increases with the grafting density. As the solvent concentration changes, the brush undergoes a gradual transformation from a collapsed melt-like state to an expanded state. In pure benzene (x B = 1), PB adopts an expanded configuration, with each chain forming a coil stretched in the direction normal to the wall. The location of the interface between PB and the solvent cannot be identified. As an intermediate state, we select a semi-expanded configuration at the benzene mole fraction of x B = 0.5. Under these conditions, the brush selectively adsorbs substantial amounts of benzene, and the interface between the polymer layer and the solvent bulk is diffused, yet identifiable. The mean radius of gyration of polymer chains is close to the average between that in the collapsed and expanded states. Figure 2 (b) displays the average effective force between NP and PB determined with the GT method. The force is zero when NP is located in the solvent bulk. At x B = 0, NP experiences a weak negative force, that is, an attraction to collapsed PB, in the vicinity of PB-solvent interface. This attraction is of enthalpic nature. The contacts between polymer and solvent are most unfavorable in this system (Table I) . Therefore, NP adhesion to PB, which effectively reduces the area of polymer-solvent interface, leads to an enthalpy loss. NP adhesion here occurs without appreciable immersion into the brush (the depth of penetration of NP into PB is about 2 R c ) and is entirely reversible: attachment and detachment of NP to PB proceeds without hysteresis. The most favorable position of adhered NP (snapshot is shown in Figure 3(a) ) corresponds to the minimum of the free energy landscape A NP (Z) (Figure  2(c) ). If we further reduce Z by moving it with GT closer to the solid substrate, the presence of NP restricts the conformations available to the grafted polymer chains, creating entropic repulsion that overpowers the initial attraction. The maximum of repulsive force corresponds to the configuration where the particle almost completely immerses in the melt-like brush, but the polymer does not yet (Figure 3(b) ) cover the entire particle. When the particle is fully immersed in the melt-like brush, the repulsive force starts decreasing (Figure 2(b) ).
As the solvent quality improves and PB expands, the tendency to NP adhesion diminishes. In both cases of semiexpanded and expanded PBs, NP does not adhere at all. The entropic repulsion dominates as soon as the particle is forced by GT to contact the polymer. The strongest repulsive force is associated with the particle entry into PB, and then repulsion force weakens but still remains significant (Figure 2(b) ). As a result, the free energy monotonically increases as NP is driven by GT through PB towards the substrate (Figure 2(c) ). Noteworthy, the maximum free energy that corresponds to the NP position closest to the substrate is practically the same for all three systems; it slightly increases with the solvent quality, which is in qualitative agreement with SCFT results of Halperin et al. 18 It should be noted that the non-monotonic dependence of the repulsion force on the NP distance to the substrate agrees with the BD simulation results of Zhang et al. 21 However, Milchev et al. 25 predicted that NP-PB repulsion should increase as NP approaches the substrate. We explain this discrepancy by a relatively small NP size (8 R c that was smaller than PB thickness) in our simulations presented in In the case of large particles, the polymers chains are essentially confined in the gap between the two solid bodies that drastically strengthen the entropic repulsion. This effect is seen in additional simulations with larger NP of 16 R c in diameter, which is about the thickness of collapsed PB. In this case, NP experiences strong repulsion to collapsed PB, which increases monotonically with the depth of immersion. Similarly to smaller NP of 8 R c , larger NP of 16 R c demonstrates adhesion at the collapsed PB-solvent interface (Figure 4) . However, upon immersion, the entropic repulsion prevails and strengthens as NP approaches the substrate.
V. EFFECT OF POLYMER ADSORPTION ON NP-PB ADHESION
Adsorption of polymer chains onto NP surface enhances NP attraction to PB. 18 To induce polymer preferential adsorption, we make the repulsion parameter a NP between NPs and polymer beads, a NP = 38.5 kT/R c , lower than that between NPs and the solvent beads. Preferential adsorption of polymer beads is quantified by an effective adsorption potential. The effective potential U eff (z) is defined as an external field that when imposed on ideal gas of low density would produce the same density profile ρ(z) as is obtained for the monomeric (single) P beads of the same density in actual DPD simulation. U eff (z) depends on all interactions in the system rather than just by a PN . In order to obtain the effective adsorption potential, we create a wide slit pore of 20 R c width to prevent the interference of the opposite pore walls. The pore walls have the same properties as the NP: N and R beads form a hexagonal lattice with the density of 3.4 R c −3 . The pore is filled with the solvent of given composition and 20 monomeric (single) P beads to achieve the total bead density of 3 R c −3 inside the pore. We examine the same three solvent compositions of x B = 0, x B = 0.5, and x B = 1 corresponded, respectively, to collapsed, semi-expanded, and fully expanded PB as in Sec. IV (see Figure 2(a) ). The effective adsorption potential is derived from the calculated density profiles ρ (z) of P beads (see Ref. 39 , Sec. II) according to the Boltzmann equation, U eff (z)/kT = ln(ρ(z)/ρ(z c )), where z c corresponds to the pore center where the adsorption potential is assumed to be zero. U eff (z) is defined in such a manner shown in Ref. 39 ( Figures S1 and S2) . The maximum depth of the effective potential characterizes the effective energy of adsorption U ads , which decreases as PB transforms from collapsed to expanded states. We obtain U ads = 1.58 kT for collapsed, U ads = 1.15 kT for semi-expanded, and U ads = 0.95 kT for expanded PBs. Figure 5 presents the effective force of NP-PB interactions and the free energy landscape for collapsed, semiexpanded, and expanded PBs. In all cases, the NP experiences an attractive force towards PB, and the strongest attraction is observed to the collapsed PB. The attraction is observed at distances somewhat larger than that corresponding to the contact between NP and the plane of brush-solvent interface, which means that brush bulges up as a result of polymer adsorption to the particle, forming a "junction" (Figure 6(a) ). No hysteresis was observed. The maximum magnitude of the attractive force is observed when the particle touches the   FIG. 6 . Snapshots of NP kept by GT at different positions at and inside collapsed PB with the same system parameters as in Figure 5 . (a) PB bulges up forming a junction to the approaching NP, which experiences attraction to the surface; (b) configuration corresponding to the minimum of the free energy landscape; (c) configuration corresponding to the maximum of repulsive force magnitude.
plane of brush/solvent interface, and the minimum of the free energy corresponds to configuration with the particle center located close to the plane of the interface (Figure 6(b) ). The surface of the particle is covered by a monolayer of polymer beads adsorbed at the particle surface. As the particle moves further towards the substrate, the entropic component of the force prevails, and the resulting NP-PB interaction becomes repulsive. Similarly to non-adsorbing system described in Sec. IV, the effective force displays a maximum reached when the outer tip of the particle is located in the plane of polymer-solvent interface.
The particle also experiences attraction to semi-expanded and fully expanded brushes. In both cases, the attraction is short-ranged. That is, it is observed when the particle enters into the region of non-zero density profile, where there is a considerable probability to find the polymer beads. This indicates no long junctions between the NP and polymer layer. The interface between the solvent and polymer is reasonably defined for semi-expanded brushes. We may conclude that the maximum attractive force is observed when the outer beads of the particle approach the plane of the polymersolvent interface, and the minimum free energy is observed when the center of the particle is located at that plane. For fully expanded brush at x B = 1, defining the interface is problematic. The attraction to the fully expanded brush has a longer range and smaller magnitude compared with the semi-expanded brush. This appears natural because of larger brush height and smaller contrast between polymer-solvent and polymer NP interactions (lower adsorption energy). Qualitatively, the physical picture observed for the fully expanded brush is similar to that reported by Zhang et al.
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VI. EFFECT OF NP-SUBSTRATE ADSORPTION ON NP-PB ADHESION
In the systems considered above, the substrate is inert and does not have any preference to any of the system components. The free energy landscape always has a single free energy minimum located either in the solvent bulk away from PB or close to PB-solvent interface. In this section, we deal with NP functionalized with ligands represented by short chains of 6 beads (which were assigned type L) that preferentially adsorb to the substrate due to a lowered repulsion parameter a SL = 27 kT/R c for substrate-ligand interactions. Forty such ligand chains are attached to 8 R c NP at random positions. The corresponding grafting density of ligands is 0.39 nm −2 . The substrate is the only component with which the ligands have favorable interactions.
Adsorption of the ligands at the substrate surface creates a possibility for NP adhesion directly at the surface, due to ligand adsorption on the substrate surface. If such a state is stable, it manifests itself by a second minimum at the free energy landscape. To reach the substrate from the solvent bulk, the NP has to overcome a potential barrier created by the entropic repulsion from the polymer chains. It should be noted that the effective diameter of the functionalized NP is substantially larger than that of the "bare" NP. Not only does functionalized NP contain more beads but also in a good solvent, each ligand is a small coil, whose conformation is restricted as NP penetrates inside the brush due to the presence of PB chains. This creates an additional entropic penalty compared to the bare NP, and this penalty rises steeply with the grafting density. Figure 7 displays the effective NP-PB force and the free energy profile for the ρ s = 0.88 nm −2 and x B = 1 (fully expanded PB). The density profile for the brush is shown in Figure 2(a) . Despite lower a SL , the NP-PB interaction is more repulsive compared to that for the bare particle ( Figure  2) . Ligand adsorption creates a well-defined minimum of F NP-PB (Z) at low Z caused by the ligand-substrate attraction. However, the attraction is overpowered by the entropic forces, F NP-PB (Z) remains positive and no second minimum on the free energy profile is observed.
At lower grafting densities of ρ s = 0.32 nm −2 and ρ s = 0.16 nm −2 , the PB shows no clear interface with the solvent bulk. The density profiles shown in Figure 8 (a) display a maximum at z ≈ 5 R c . As z increases, polymer density decreases monotonically with no identifiable inflection point. Lower density of polymer chains weakens the NP-PB repulsion. As a result, the ligand-substrate attraction overpowers the entropic forces at lower Z, where F NP-PB becomes negative for both grafting densities (Figure 8(b) ). The free energy profile has two minima (Figure 8(c) ): one corresponding to the NP located near the PB-solvent interface (Figure 9(a) ) and the other one corresponding to NP adhesion at the substrate surface (Figure 9(b) ). The exact location of the NP and the corresponding stability of the two minima are determined by the grafting density and interaction parameters. For example, in system III, the most stable configuration corresponds to NP in the solvent bulk (Figure 9(a) ). NP adhesion to the substrate is metastable with free energy difference of 55 kT. At grafting density of 0.32 nm −2 , the free energies of the two states are equal within the statistical error. The potential barrier that NP needs to overcome in order to adhere to the substrate from the solvent bulk also depends strongly on ρ s : the high value of ∆A = 65 kT for ρ s = 0.32 nm −2 makes a spontaneous transition very unlikely, especially considering the difference in the free energy of the two states. However, the barrier In System IV, polymer chains preferentially adsorb at NP surface in a fashion similar to system II considered in Sec. V. Because of the entropic repulsion between the PB chains and the ligands, adsorption of the polymer on NP surface has the same effect as with bare particles: the minimum shifts from the solvent bulk to the periphery of the brush layer (Figure 9(c) ). For the fully expanded brush considered here, PB boundary is poorly defined and the free energy minimum corresponding to NP adhesion at PB-solvent interface is wide and shallow. In the example considered here, the free energies of these two stable states are approximately equal (Figure 8(c) ). The free energy barrier of 11 kT between these states is much lower than for the system without preferential adsorption of polymer chains at NP surface.
VII. PRECISION OF EFFECTIVE FORCE CALCULATIONS WITH THE GHOST TWEEZERS METHOD
In order to estimate the error of GT measurements of the effective force, we select three characteristic systems. For each system, we perform 21 independent simulations with the GT method starting from different initial configurations. In the first system, the polymer chains do not adsorb onto the NP; particle is partially submerged in the brush and experiences a repulsion averaging at 11 kT/R c (system I, Z = 15.84 R c ). In the second system chosen (system II, Z = 23.62 R c ), NP adsorbs polymer beads. NP is located near the brush-solvent interface and experiences attraction. Finally, in the third system (system II, Z = 7.62 R c ), the NP is close to the substrate and experiences effective repulsion from the wall. For each system, we calculate average force experienced by the NP in all three dimensions and the standard deviation of this force. The results are presented in Table II .
The statistical uncertainty is substantial and may be contributed from the Langevin thermostat and general DPD methodology that overestimates the mobility of the fluid. However, it is clear that the uncertainty does not correlate the magnitude of the effective force but rather increases as the particle gets closer to the substrate. As a result, the standard deviation for the normal force is only about 3.3% for the particle located near the brush-solvent interface, but increases to about 12% when NP approaches the substrate. One should also note that the standard deviation is roughly the same for the lateral normal forces, although the average lateral force is zero. This made us to conclude that the main source of statistical error lies in the slow relaxation of the polymer chains around the NP. The relaxation is slower when the surface of the impenetrable NP is located close to the tether points of the polymer chains. For example, if a polymer chain is threaded underneath of the NP located close to the substrate, it is effectively confined in a narrow gap between the two bodies. Escaping that gap in presence of other chains is associated with a large entropic barrier and may not happen in a course of a single simulation. As a result, the effective force is affected by initial configurations and other factors of random nature, leading to an increase in uncertainty. The statistical error may also be reduced by choosing optimal magnitude of the GT spring constant, but we do not perform k GT optimization. In any case, the statistical error is acceptable and our results are sound.
Zhang et al. 21 calculated the effective force between the NP and PB by averaging the cumulative force acting On the other hand, a hard-core LJ potential between the beads dramatically increases the fluctuation of force compared to the soft-core DPD potentials employed here.
VIII. CONCLUSIONS
Using the GT method, we explored the adhesion of bare and ligand-functionalized NPs to polyisoprene natural rubber brush in acetone-benzene binary solvent. Our analysis is more comprehensive compared to the pioneering simulation studies of this subject. We examined two mechanisms of NP-BP interactions, NP adhesion at PB exterior, and NP immersion into PB, by calculating the free energy landscape of NP-PB system at different PB grafting densities, NP size and functionalization, and solvent composition.
When the polymer chains do not preferentially adsorb at the NP surface, NP-PB interactions are largely dominated by the entropic repulsion forces, and the strongest entropic repulsion is observed when NP's center of mass is approximately located in the plane of PB-solvent interface. The repulsion is stronger for collapsed brush in poor solvent but has a longer range for an expanded brush in a good solvent. In our particular example, change of solvent had little influence on the free energy of NP penetration from the bulk to the substrate, but this simulation does not allow for making a general conclusion.
Preferential adsorption of polymer chains at NP surface causes attraction of NP to PB. The maximum of the attractive force is observed once NP enters the polymer layer, and the minimum of the free energy corresponds to the configuration with the center of NP located in the plane of PB-solvent interface. As NP penetrates further into the brush, the entropic forces prevail and NP is repelled from PB. Finally, when NP is functionalized with ligand chains that are able to adsorb preferentially at the substrate, we observe two different minima on the free energy landscape, corresponding to NP adhesion at PB external surface and NP adhesion at the substrate (that is, immersed into PB). The relative depth of these minima and the height of the free energy barrier show a strong dependence on the PB grafting density.
The GT method appears to be a versatile tool applicable to multifarious phenomena that involve adhesion and adsorption of large adsorbates on complex surfaces, such as polymer brushes, solid supports modified with pre-adsorbed layers, and lipid membranes. The GT method can be embedded in atomistic MC or MD simulations as well as in various coarsegrained modeling techniques, such as coarse grained MD, DPD, or BD. Taken into account the complexity of the system considered in the present work and relatively short simulation time, the precision of the GT calculations of free energy landscape is shown to be sufficient. For practical uses, it is worth noting that we are able to adopt a standard open source MD/DPD software packages (in this case, LAMMPS 48 and DL_MESO 49 ) for calculations of adhesion free energy, without modifying the base codes.
The GT method provides better accuracy and is easier to implement compared to common methods of calculating the average force acting on the NP from the environment. 21, 47 On the other hand, it is simpler and more straightforward than umbrella sampling 41 based techniques, 42, 43 which involve calculations of probability histograms, from which the free energy profile is derived. GT simulations, however, lack a capability of examining complex free energy profiles with multiple reaction coordinates and fully flexible objects (such as biological macromolecules) that are studied with umbrella sampling based techniques such as weighted histogram analysis. 42, 43 It should be noted that the GT set-up employed in this work with the twin ghost particle composed of immobile beads bound to the respective beads of the NP is specifically designed for studies of rigid spherical NPs. Introduction of a set of weak GT bonds allows for the reduction of NP fluctuations that speed up the calculations and increase their precision. This set-up is not suitable to anisotropic objects that should be allowed to rotate in the process of simulation. In order to use the GT method in such systems, it is possible to establish a single immobile anchor center and a single attachment point at the particle's center of mass. However, the creation of a strong single GT bond may require a substantially shorter time-step than it is common in DPD simulations. Another option is to allow the twin ghost particle to rotate so that its position is fixed not only by the distance to the interface but also by polar and azimuthal angles. In this case, the calculated free energy landscape would be either two-(for NP of cylindrical symmetry) or three-dimensional.
